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http://dx.doi.org/10.1016/j.kjms.201Abstract Desmosomes in keratinocytes are the most important intercellular adhering
junctions that provide structural strength for the epidermis. These junctions are connected
directly with desmosomal cadherin proteins. Desmosomal cadherins are divided into four
desmogleins (Dsgs), Dsg1e4, and three desmocollins (Dscs), Dsc1e3, all of which are
involved in desmosomal adhesion by homo- and/or heterophilic binding between Dsgs and
Dscs in a Ca2þ-dependent manner. Cadherins are present on the cell surface and anchor
keratin intermediate filaments (KIFs) to their inner cytoplasmic surface to generate an
intracellular KIF-skeletal scaffold through several associate proteins, including plakoglobin,
plakophillin, and desmoplakins. As such, the desmosomal contacts between adjacent cells
generate an intercellular KIF scaffold throughout the whole epidermal sheet. However,
despite these critical roles in maintaining epidermal adhesion and integrity, desmosomes
are not static structures. Rather, they are dynamic units that undergo regular remodeling,
i.e., assembly and disassembly, to allow for cell migration within the epidermis in response
to outside-in signaling during epidermal differentiation. Recently, two cellecell adhesion
states controlled by desmosomes have been recognized, including “stable hyperadhesion
(Ca2þ-independent)” and “dynamic weak-adhesion (Ca2þ-dependent)” conditions. These
conditions are mutually reversible through cell signaling events involving protein kinase C
(PKC) and epidermal growth factor receptor. Pemphigus vulgaris (PV) is an autoimmune
bullous disease caused by anti-Dsg3 antibodies. Binding of these antibodies to Dsg3 causes
endocytosis of Dsg3 from the cell surface and results in the specific depletion of Dsg3 from
desmosomes, an event linked to acantholysis in the epidermis. This binding of anti-Dsg3
antibody to Dsg3 in epidermal keratinocytes activates PKC, to generate the “weak-adhesion
(Ca2þ-dependent)” state of desmosomes. The weak-adhesion desmosomes appear to be the
susceptible desmosomal state and a prerequisite for Dsg3 depletion from desmosomes,a Memorial Hospital, 590 Shimokobi-cho, Minokamo City, Gifu 505-8503, Japan.
.jp
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2 Y. KitajimaFigure 1. KIF networks and desm
individual cell cytoskeletons of KIF
stained with antikeratin antibody,
keratinocytes. KIF Z keratin intermpivotal and specific events leading to PV blistering. These observations allow us to propose
a concept for pemphigus blistering disorders as a “desmosome-remodeling impairment
disease” involving a mechanism of Dsg3 nonassembly and depletion from desmosomes
through PV immunoglobulin G-activated intracellular signaling events.
Copyright ª 2012, Kaohsiung Medical University. Published by Elsevier Taiwan LLC. All rights
reserved.Introduction
Desmosomes in keratinocytes are the most important
intercellular adhering junctions that provide structural
strength for the epidermis. These junctions are connected
directly with desmosomal cadherin proteins on the cell
surface and anchor keratin intermediate filaments (KIFs) to
their inner cytoplasmic surface to generate an intracellular
KIF-skeletal scaffold through several associate proteins.
Despite these critical roles in maintaining epidermal
adhesion and integrity, desmosomes are not static struc-
tures. Rather, they are dynamic units that undergo regular
remodeling. Recently, two cell-cell adhesion states, “stable
hyperadhesion (Ca2þ-independent)” and “dynamic weak-
adhesion (Ca2þ-dependent)” conditions, which are mutu-
ally reversible, are recognized. Pemphigus vulgaris (PV) is
an autoimmune bullous disease caused by anti-Dsg3 anti-
bodies. Binding of these antibodies to Dsg3 causes the
specific depletion of Dsg3 from desmosomes, linked to
acantholysis in the epidermis. In this review article, I would
like to propose a concept for pemphigus vulgaris as
a “desmosome-remodeling impairment disease” involving
a mechanism of Dsg3 nonassembly and depletion from
desmosomes, associated with generation of the “weak-
adhesion (Ca2þ dependent)” state of desmosomes.osomes binding with KIF. Epiderm
s. (A) Hematoxylineeosin-staine
showing a keratin cytoskeletal
ediate filament.Structural mode of a keratin intermediate-
sized cytoskeleton scaffold and molecular
structure of desmosomes
Individual intracellular keratin intermediate filament (KIF)
cytoskeleton structures are connected with desmosomes,
resulting in the formation of a strong and flexible scaffold
as an intercellularly connected cytoskeleton throughout
the epidermis (Fig. 1). Ultrastructurally, desmosomes are
located at the cellecell contacts of two adjacent cells,
where KIF bundles radiate from perinuclear areas (Fig. 1).
The N-terminal halves of desmogleins (Dsgs) and des-
mocollins (Dscs) are bound to each other on the extracel-
lular face of desmosomes, to form desmoglea, while their
C-terminal halves bind to plakoglobin (PG), plakophilins
(Pkps), and the N terminus of desmoplakins (Dpks) to form
the outer dense plaques observed in keratinocytes [1e4]
(Fig. 2). The C-terminal domains of Dpks bind to KIF in
the inner dense plaque (Fig. 2). Desmoglea of corneo-
desmosomes (desmosomes of cornified cells in the stratum
corneum) contain corneodesmosin as well as distinct
desmosomal cadherins, mainly Dsg1 and Dsc1 [5,6].
Desmosomal cadherins consist of at least four different
Dsg isoforms (Dsg1e4) and three different Dscs (Dsc1e3)
[7]. Their expression patterns are specific to differental keratinocytes are connected with desmosomes anchored by
d section of the epidermis. (B) Cultured human keratinocytes
network structure. (C) Electron microscopy of cultured human
Figure 2. (A) Electron microscopy and (B) a molecular
schema of desmosome. KIF Z keratin intermediate filament;
PG Z plakoglobin; Pkp Z plakophilin.
Desmosome regulation and pemphigus blistering 3tissues and differentiation states. As such, Dsg2 and Dsc2
are present in the simple epithelia, Dsg1 and Dsc1 in the
upper (more differentiated) cell layers of the epidermis,
and Dsg3 and Dsc3 in the lower, less differentiated layers of
the epidermis. Dsg3 and Dsc3 are present in oral mucosal
epithelia, with minimal levels of Dsg1; in addition, low
levels of Dsg2/Dsc2 are found in basal cells of oral mucosa
[7]. Dsg 1 (160 kDa), which is the major antigen of
pemphigus foliaceus (PF), is expressed in the upper
epidermal layers, while Dsg 3 (130 kDa), the major antigen
of pemphigus vulgaris (PV), is present in the lower
epidermal layers [8]. The extracellular domains Dsgs and
Dscs bind in a Ca2þ-dependent and either a homophilic or
a heterophilic fashion to form a bridge between these two
cells at desmosomes [9,10]. Dsg4 is expressed in the hair
shaft cortex, lower hair cuticle, and upper inner root
sheath cuticle [11]. Dscs (Dsc1e3) have two variants:
a longer “a” form that contains an intracellular cytoplasmic
cadherin-like sequence (ICS) and a shorter “b” form that
lacks the ICS and is generated by alternative splicing to
attain the difference in length at the C terminal [12]. Thus,
only the “a” form can bind PG through the ICS domain.
The question as to whether or not these Dsgs and Dscs
interact with each other by either homophilic or hetero-
philic binding events has not been clearly answered. It isimportant to note that coimmunoprecipitation experiments
using lysates from cells stably expressing Dsc1a, with anti-
Dsc or anti-Dsg antibodies, demonstrate that the desmo-
somal cadherins, Dsg2 and Dsc1a, are involved in a direct
Ca2þ-dependent interaction; these results suggest a heter-
ophilic binding at the extracellular portion of Dsc and Dsg in
a Ca2þ-dependent manner [9]. Additional evidence sup-
porting that Dsc3 homo- and heterophilic trans-interactions
are crucial for epidermal integrity was obtained by single-
molecule atomic force microscopy, which revealed
homophilic trans-interactions of Dsc3, as well as Dsc3 het-
erophilic interactions with Dsg1 (but not with Dsg3) [13].
More recently, using extracellular homobifunctional cross-
linking, homophilic and isoform-specific binding between
the Dsc2, Dsc3, Dsg2, and Dsg3 isoforms, along with trans-
interactions, have been reported in HaCaT keratinocytes,
both in detergent-insoluble fractions and in desmosomes,
by electron microscopy [14]. In this regard, we demon-
strated that Dsc3 and PG were coimmunoprecipitated with
anti-Dsg3 in a cell line of human squamous cell carcinoma
keratinocytes (DJM-1) grown in high (1.27 mM), but not in
low (0.05 mM), Ca2þ medium, suggesting that they form
trans and/or cis heterodimers when desmosomes are
formed in high Ca2þ medium, but not when no desmosomes
are formed in low Ca2þ medium [15]. Based on results
presented to date, it appears plausible that Dsgs and Dscs
might interact with each other by homophilic and/or het-
erophilic binding mechanisms.
Regulation of desmosome formation
Mechanisms of Ca2D-induced desmosome
formation
Keratinocytes that are cultured inmedia containing lowCa2þ
concentrations (below 0.1 mM) proliferate without differ-
entiation and do not form desmosomes [16e18]. Increasing
the Ca2þ concentration in the culture medium to greater
than 0.1 mM induces cellecell contacts (mainly adherens
junctions) within 5 minutes, and desmosome formation
within 2 hours [18,19] (Fig. 3). In low Ca2þ-grown cells, “half-
desmosomes,” but not complete desmosomes, are found;
these half-desmosomes appear to couple to form complete
desmosomes following the increase in extracellular Ca2þ
concentration in culture. These “half-desmosomes” are
endocytosed in low Ca2þ medium, a process referred to as
a “coordinated Sisyphus cycle” (Fig. 4) [20]. Such an increase
in extracellular Ca2þ concentration causes a rapid and sus-
tained increase in intracellular Ca2þ concentration [21],
mediated by the activation of a Ca2þ-sensing receptor (CaR),
a G-protein-coupled receptor [22e24], which is linked to
activation of phospholipase C and inositol phospholipid
turnover. CaR activation results in the production of both
diacylglycerol and inositol 1,4,5-trisphosphate (IP3) [25].
This increase in IP3 then induces an increase in intracellular
Ca2þ concentration in keratinocytes [26].
We investigated whether, as one of the initial behaviors
of desmosomal cadherins to assemble desmosomes, Dsc3
interacts with Dsg3 in a cell line of human squamous cell
carcinoma keratinocytes (DJM-1) grown in low (0.05 mM)
or high (1.27 mM) Ca2þ medium. Whereas anti-Dsc3
Figure 3. Human keratinocytes stained with antikeratin, anti-Dsg3 and anti-Dpk grown in (A) low and (B) high Ca2þ medium.
When keratinocytes are grown in low Ca2þ medium, they grow independently without forming cellecell contacts, whereas in Ca2þ
switching up to normal, they move laterally and form cellecell contact and colonies. In low Ca2þ medium, Dsg3 and Dpk are
randomly distributed in the cell or on the cell surface. Many of these dots are colocalized, even though they do not appear to
localize at cellecell contact and do not form desmosome (lower part of A). After Ca2þ switch up, Dsg3 and Dpk are localized at
cellecell contacts, generating a linear punctate pattern. Dpk Z desmoplakin; Dsg3 Z desmoglein 3.
Figure 4. Human keratinocytes stained with anti-Dsg3 pemphigus vulgaris IgG and with secondary gold-particle-labeled anti-
human IgG in (A) low and (B) high Ca2þ medium. (A) Dsg3 aggregates on the plasma membrane without any attachment plaques
inside the cells (upper) and also with attachment plaques bound with keratin intermediate filaments (lower) are formed in low Ca2þ
medium. (B) In high (normal) Ca2þ medium, complete desmosomes, but almost no half-desmosomes, are observed.
Dsg3 Z desmoglein 3; IgG Z immunoglobulin G; KIF Z keratin intermediate filament.
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nor PG with Dsc3 in the low Ca2þ culture conditions, it had
already coimmunoprecipitated PG at 10 minutes and Dsg3
at 60 minutes after the Ca2þ switch, events associated with
Dsc3 phosphorylation at serine residues. These results
suggest that both the binding of Dsc3 to PG and Dsc3
phosphorylation events are involved in Dsc3 binding to Dsg3
during Ca2þ-induced desmosome assembly [15].
Ca2D-dependent (sensitive) low-affinity and Ca2D-
independent (resistant) hyperadhesive
desmosomes
When isolated keratinocytes are incubated longer than 6
days under confluent culture conditions, they retain
desmosomal contacts for several hours even in low Ca2þ
medium (i.e., in the presence of Ca2þ-chelating agents).
Conversely, both preconfluent keratinocytes and keratino-
cytes at the edge of wounds in vitro lose their desmosomal
contacts soon after treatment with chelating agents. The
desmosomes in the former condition are recognized as
hyperadhesive in a Ca2þ-independent (resistant) adhesive
state, while the latter are described as low affinity in
a Ca2þ-dependent (sensitive) adhesive state [27e30]
(Fig. 5). The Ca2þ-sensitive low-affinity (dynamic) desmo-
somes has no electron-dense midline in the core domain ofFigure 5. Schematic explanation of Ca2þ-sensitive low-affinity an
of desmosomes are convertible to each other by PKC, wound he
medium, no desmosomes are formed (Dsg3 random distribution) (low
have no electron-dense midline in the core domain of desmosom
desmosomes demonstrate it (upper insert), as observed by electron
radial KIF at cellecell contacts, which may have Ca2þ-sensitive l
stable desmosomes. Dsg3 Z desmoglein 3; EGFR Z epidermal g
PKC Z protein kinase C.desmosomes (Fig. 5; the center upper insert), while the
Ca2þ-resistant hyperadhesive desmosomes demonstrate it
(Fig. 5; the right upper insert), as observed by electron
microscopy. Approximately 100% of keratinocytes (HaCaT
cells) demonstrate Ca2þ-independent, hyperadhesive
desmosomes at 6 days post confluence, with only 20% of
cells show these structures after 2 days in postconfluent
cultures [27]. When hyperadhesive MadineDarby canine
kidney cells [29] or HaCaT cells [27] are treated with 12-O-
tetradecanoyl-phorbol-13-acetate to activate protein
kinase C (PKC), they convert to low-affinity cells. It is also
of great interest to note the association of PKCa with
desmosomal plaques that accompanies the switch in
desmosomal adhesive state during epidermal wound heal-
ing [28]. PV immunoglobulin G (PV-IgG), the principal
antibody of which is anti-Dsg3, is also known to activate
PKCs and is linked to cellecell detachment events [31e33].
Thus, both intra- and extracellular Ca2þ concentrations and
PKC are closely tied to the regulation of desmosome
assembly and disassembly.
Adherens junction as a key player in desmosome
regulation
Adherens junctions are Ca2þ-dependent cellecell junctions
mediated by E-cadherin (E-Cad) that form intercellulard Ca2þ-resistant hyperadhesive desmosomes. These two types
aling (EGFR activation), and Ca2þ switching. (A) In low Ca2þ
er). (B) The Ca2þ-sensitive low-affinity (dynamic) desmosomes
es (upper insert), while (C) the Ca2þ-resistant hyperadhesive
microscopy. Mitotic keratinocytes demonstrate coarse spines of
ow-affinity (dynamic) desmosomes, whereas others may have
rowth factor receptor; KIF Z keratin intermediate filament;
6 Y. Kitajimabridges at their extracellular N terminal. E-Cad binds
several associated proteins such as p120ctn, PG, or b-cat-
enin and a-catenin at specific sites of their intracellular C-
terminal domains, which, in turn, interacts with actin
(microfilaments) [34]. E-Cad and P-Cad are classical cad-
herins expressed in the epidermis. E-Cad is expressed in all
layers of the epidermis, whereas P-Cad is limited to the
basal cell layer [35].
Elevation of extracellular Ca2þ concentration in
culture induces formation of adherens junctions within
5 minutes in keratinocytes, followed by coupling of the
half-desmosomes that have assembled on the cell surface
even in low Ca2þ medium, to form desmosomes during the
next 60 minutes (Fig. 6). In this regard, it should be noted
that when keratinocytes, which were isolated from
control and epidermal-specific E-Cad knockout (E-CadKO)
mice, were transferred from low (lower than 0.1 mM) to
high (1.8mM) Ca2þ-concentration medium, membrane
recruitment of Dpk, Dsg 1/2, PG, or Pkp3 was comparable
between E-CadKO and control at 48 hours after Ca2þ
switch, with only the recruitment of Dsg3 being lower in
the absence of E-Cad [36]. Furthermore, the ultrastruc-
tural appearance of desmosomes formed after 48 hours
was unaffected by the absence of E-Cad, which allowed
the formation of adherens-like junctions with P-Cad.
However, E-Cad/P-Cad double knockout cells appeared
more rounded and failed to form intimate cell contacts,
indicating the absence of cell junctions, including
desmosomes [36]. These results suggest that adherensFigure 6. Ulltrastructural features of Ca2þ-induced desmosome f
grown cells show very small number of adherens. (B) Fifteen m
formed, (C) then 30 minutes after the calcium switch, half-desmoso
minutes after calcium switch-up, almost complete desmosomes are
desmosome formation. AD Zadherens junction; DS Zdesmosome;junction formation is a prerequisite for desmosome
formation. It is also of great interest to note that PG and
E-Cad recruit Pkp3, a component of desmosomes, to the
cell border to initiate desmosome formation [37],
because PG and E-Cad are main components of adherens
junctions.
In contrast, in keratinocytes lacking a major desmosomal
component, Dpk, from an epidermal-specific Dpk-knockout
mouse model, the desmosomes are not bound to/with KIF
and, furthermore, adherens junctions are also reduced,
suggesting that Dpks affect regulation of adherens junc-
tions [38]. Therefore, these findings suggest that a critical
cross-talk exists between adherens junctions and desmo-
somes for the regulation of cellecell adhesion in
keratinocytes.
Epidermal growth factor receptor (EGFR) activation
signaling may play important roles in this cross-talk
between adherens junctions and desmosomes. In this
regard, tyrosine phosphorylation of b-catenin and/or PG
caused their dissociation from E-Cad, leading to a decrease
in Dpk from desmosomes and in cellecell contacts in ker-
atinocytes [39]. Moreover, introduction of a phosphoryla-
tion-deficient PG mutant into PG-null cells prevented the
EGFR-dependent loss of Dpk from junctions [40]. There-
fore, it is interesting to speculate that PV-IgG binding and/
or Dsg3 depletion may interfere with this cross-talk through
activation of a variety of intracellular signaling pathways
(as discussed later), resulting in impaired control of
desmosome remodeling.ormation following adherens junction formation. (A) Low Ca2þ-
inutes after calcium switch-up, many adherens junctions are
mes appear to get closer, just to be going to couple. (D) At 120
formed, suggesting that adherens junction formation precedes
KIF Z keratin intermediate filament.
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antibody-dependent impairment of
desmosome remodeling
Characteristics of pemphigus
Pemphigus is an autoimmune blistering disease of the skin
and mucous membranes caused by antibodies to Dsg1, Dsg3,
or both Dsg1 and Dsg3, which mediate cellecell adhesions at
desmosomes (as discussed above). Pemphigus can be divided
into two major types: PV caused by autoantibodies to Dsg3
only or to both Dsg1 and Dsg3, and PF caused by autoanti-
bodies to Dsg1. PV is clinically characterized by multiple
flaccid blisters and erosions due to the loss of cellecell
adhesion (acantholysis) at the lower epidermal cell layers,
typically along the suprabasal cell layer, in both the mucous
membranes and the epidermis. PF is characterized by very
fragile superficial blisters and large leafy scales due to
acantholysis at the granular cell layer in the epidermis, but
not observed in the mucous membranes [8,41,42].
These different clinical features between PV and PF are
well explained by the compensation theory of Dsg1 and
Dsg3 [43,44]. Protein expression levels of PF antigen, i.e.,
Dsg1, are low in the lower layers and significantly high in
the upper epidermis (the granular cell layer), whereas
those of PV antigen, i.e., Dsg3, are opposite to those of
Dsg1 (much higher in the deep epidermis and much lower in
the granular cell layer) [43,44]. Since PF patients’ sera
contain only anti-Dsg1, but not anti-Dsg3, antibodies, PF
sera impair the function of only the superficial layers of
epidermis, where the adhesion is mediated mostly by Dsg1;
the function of Dsg3 is not affected because of its very low
expression. Thus, in PF, only superficial acantholysis is
generated, since adhesion in the lower epidermal cell
(basal) layer is maintained with the compensatory functions
of Dsg3. Furthermore, in oral mucous membrane, the major
Dsg expressed is Dsg3, but almost no Dsg1, if any, is
expressed at protein levels. Therefore, in PF patients, no
involvement of mucous membrane is observed. In contrast,
PV patients’ sera contain anti-Dsg3 (either only or both Dsg3
and Dsg1 antibodies). Therefore, in a group of PV patients
(mucous type) whose sera contain only anti-Dsg3 anti-
bodies, only the Dsg3-dependent adhesive functions of
keratinocytes are affected, causing blistering primarily in
mucous membranes where Dsg3 predominates throughout
all layers, while Dsg1 is minimum at protein levels and
rarely causing blisters in the epidermis where Dsg1 is
expressed. However, in another group of PV patients
(mucocutaneous type), whose sera contain both anti-Dsg1
and anti-Dsg3 antibodies, severe blistering can be gener-
ated in all layers of the epidermis, because functions of
both Dsg1 and Dsg3 are affected/destroyed [43,44]. These
clinical features and their specific antibody profiles may
suggest that pathogenic antibodies directly impair the
adhesive functions of specific Dsgs at desmosomes.
Two principal hypotheses for the pathomechanisms
of pemphigus blistering
There are two principal hypotheses for the pathomechan-
isms underlying the blistering in pemphigus [19,42,45].First, it has been proposed that anti-Dsg3 antibody-
dependent steric hindrance interferes with intercellular
adhesive function(s) of Dsg3, leading directly to desmo-
somal dissociation, because the most pathogenic mono-
clonal PV antibody is against the N-terminal domain, which
binds to that of the Dsg3 at the other side in a trans-fashion
[43,46e48]. The second hypothesis is that myriad PV-IgG-
induced intracellular signaling events may lead to desmo-
somal dissociation [1,19,45]. Recent experimental data,
including involvement of Dsg 3 phosphorylation, activation
of a Ca2þ/PKC pathway, apoptosis signaling, as well as
modulations of PG, p38MAPK, EGFR, and heat shock
protein 27, delineate a role of Dsg3 in outside-in signaling
linked to the control of desmosome remodeling associated
with proliferation and differentiation of keratinocytes
[49,50].PV antibodies do not split the desmosome but
delete Dsg3 from the desmosome
Earlier immunoelectron microscopic studies have demon-
strated antibody binding on the surface of split desmo-
somes, revealing half-desmosome-like structures
decorated with IgG-ferritin or gold particles [51,52], and
suggesting that anti-Dsg3 IgG antibodies can directly
access Dsg3 present in desmosomes in vivo and cause the
subsequent desmosome separation that leads to blister
formation in PV [52]. However, this direct access of IgG to
Dsg3 within desmosomes does not always appear to be
operative. Our studies have revealed that even if half-
desmosome-like structures are bound with PV-IgG-gold
particles in low Ca2þ medium, these half-desmosomes
covered with PV-IgG-gold particles do not inhibit the
formation of desmosomes; instead, the gold-decorated
half-desmosomes are coupled to form complete desmo-
somes during Ca2þ switch, with gold particles being sand-
wiched in the core of resultant desmosomes [53] (Fig. 7).
These sandwiched antibodies are also supposed to include
anti-Dsg3 antibodies against Ca2þ-dependent epitopes at
N-terminal domain, because at least 30 minutes are
required for the formation of desmosomes after Ca2þ
switch and few minutes are enough for antibodies to bind
to antigens. On the other hand, time-lapsed immunofluo-
rescence studies demonstrate that the PV-IgG, which
penetrates into the core domain of desmosomes and binds
to Dsg3 during the first 2-minute incubation with PV-IgG
(anti-Dsg3), is mostly excluded from the desmosomes
within 5 hours following washing and incubation with a PV-
IgG-free medium [53] (Fig. 8). These results suggest that
binding of PV-IgG on the external core domain of desmo-
somes cannot split desmosome (into two halves). Actually,
even though anti-Dsg3 antibody causes steric hindrance of
Dsg3 and impairs its adhesive function, this impairment is
not enough to cause direct splitting of desmosomes. This
interpretation is also supported by the finding that Dsg3-
deficient knockout mice can form morphologically nearly
intact desmosomes [54,55]. In addition, although the
intercellular spaces are slightly wider in Dsg3-deficient
(i.e., siRNA-transfected cells) [55], external forces or
frictions, albeit not strong, are needed to split cells at
their desmosomal contact(s).
Figure 7. (A) PV-IgG molecules bound to Dsg3 on half-desmosomes in low Ca2þ medium do not inhibit coupling with each other to
form complete desmosomes after Ca2þ switch to high. Keratinocytes are treated with PV-IgG in the low Ca2þ medium for 30
minutes, followed by washing and staining with antihuman IgG FITC (for immunofluorescence microscopy) or gold-particle (for
immunoelectron microscopy)-labeled IgG (goat), and then Ca2þ concentration of medium is switched up to high. This PV-IgG bound
with (B, C) gold-particle-labeled antihuman IgG on the surface of half-desmosomes does not inhibit the (D) formation of complete
desmosomes, which (E) sandwich the PV-IgG and gold particles. FITC Z fluorescein-4-isothiocyanate; IgG Z immunoglobulin G;
PV Z pemphigus vulgaris.
Figure 8. Dsg3 molecules, which once bound with PV-IgG in desmosomes within 2 minutes, disappear from desmosome within the
following 5 hours after 30 minutes. (A) Keratinocytes are first treated with PV-IgG for 2 minutes and washed with culture medium,
and then incubated for further 5 hours without any antibody. (B) At the 30-minute time point, some of Dsg3 bound with PV-IgG are
translocated from cell surface into the cytoplasm, generating a dotted pattern in the cells, and the rest are retained at cellecell
contacts, which are supposed to be desmosomes, as shown with co-localized Dpks. (C, D) Only Dsg3 bound with PV-IgG at cellecell
contacts disappears from the contacts by the time point at 5 hours, but not Dpks and Dscs, from desmosomes. DpkZ desmoplakin;
Dsc Z desmocollin; Dsg3 Z desmoglein 3; IgG Z immunoglobulin G; PV Z pemphigus vulgaris.
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Desmosome regulation and pemphigus blistering 9Dsg3 nonassembly and depletion hypotheses:
reducing Dsg3 in the desmosome is a major cause
for blistering in PV
What happens in desmosomes after PV-IgG binds to Dsg3 on
the cell surface? PV-IgG depletes desmosomes of Dsg3 by
approximately 80% in cultured keratinocytes, resulting in
a reduction of adhesive strength by 40%, as evidenced by
a pipetting-dissociation assay [56] (Fig. 9). How Dsg3
molecules are depleted from the desmosomes is explained
by endocytosis of PV-IgG/Dsg3 immune complexes [57e60]
(Fig. 10). It is important to note that the process of
desmosome disassembly due to depletion of detergent-
insoluble Dsg3 pools (desmosomes) and by the loss of cell
adhesion strength can be prevented by expressing exoge-
nous Dsg3, thereby driving Dsg3 biosynthesis and subse-
quent desmosome (re-)assembly [61]. In the PV mouse
model injected with 15 mg/mL PV-IgG and in PV patient
skin, a reduction of approximately 35% in Dsg3 was associ-
ated with blister formation [62]. More recently, double-
staining immunofluorescence has revealed that in skin
biopsies of PV patients with anti-Dsg3 antibodies, Dsg3, but
not Dsg1, colocalizes with the granular IgG, suggesting that
Dsg3 becomes sequestered from desmosomal components,
leaving Dsg1. The targeted nonjunctional Dsg is no longer
available to be incorporated into desmosomes, leading to
disturbed desmosome assembly and subsequent Dsg-
depleted desmosomes [63]. These authors [63] also noted
that their results are consistent with the Dsg non-
assemblyedepletion hypothesis in PV patient skin
[50,53,56]. As such, the Dsg3 nonassembly and depletion
hypothesis appears to be the likely operative mechanism in
PV. Specifically, the compromised function of PV-affected
desmosomes, which contain an insufficient amount ofFigure 9. Westernblots ofTr-X100-soluble andTr-X 100-insoluble f
(a pathogenic anti-Dsg3 monoclonal antibody) after 30 minutes and 2
minutes and 24 hours after treatments with PV-IgG and AK23, Dsg3
insoluble cytoskeleton-desmosome fractions, 30-minute treatment
of the Tr-X 100-soluble fraction. (D) However, 24-hour treatment prod
Tr-X 100-soluble fraction. Dsg3Z desmoglein 3; IgGZ immunoglobDsg3 caused by nonassembly and depletion of Dsg3, readily
allows/causes splits by external factors such as weak fric-
tion [53] (Fig. 11).
Pemphigus as a desmosome-remodeling
impairment disease: dynamic desmosomes are
a prerequisite to Dsg3 depletion from desmosome
In cultured keratinocytes, PV-IgG activates PKC [31], which
then alters the Ca2þ-independent hyperadhesive desmo-
some(s), converting it/them to Ca2þ-sensitive weak-
adhesive (dynamic) desmosomes [21] and/or weakening
the adhesive strength of affected desmosomes [64]. These
PKC-dependent events produce keratinocytes that are
more sensitive to blistering processes, i.e., nonassembly
and depletion of Dsg3 in desmosomes (Fig. 12). This
contention is supported by results demonstrating that
inhibition of PKC not only blunted both Dsg3 depletion and
loss of intercellular adhesion, but also blocked suprabasal
Dsg3 depletion in cultured human epidermis and blister
formation in a neonatal mouse model [65]. This hypothesis
is supported by an additional group [66]. Their results show
that keratinocytes with Ca2þ-independent hyperadhesive
desmosomes are resistant, but those with Ca2þ-dependent
weak-adhesive (dynamic) desmosomes are sensitive, to
a decrease in cellular Dsg1 and Dsg3 and to a disruption of
intercellular contacts (acantholysis) in experimental PV
[66]. PKC involvement is also supported by their data, as
pharmacological induction of the hyperadhesive state with
the PKC inhibitor Go6976 reduced both the acantholysis
rate and the processing of cell adhesion molecules induced
by PV serum [66]. Conversely, AK23, a pathogenic anti-Dsg3
antibody [67], activates EGFR followed by an increase in
Myc levels, events leading keratinocytes to proliferate inractions fromDJM-1 cellswhichare treatedwithPV-IgGandAK23
4 hours. (A, B) In the Tr-X 100-soluble membrane fractions at 30
decrease down to 9% and 58%, respectively. (C) In the Tr-X 100-
is not enough to reach the same reduction result of Dsg3 as that
uces the samemaximumplateau reduction of Dsg3 as that of the
ulin G; PVZ pemphigus vulgaris; Tr-XZ Triton-X.
Figure 11. Putative mechanisms for the formation of Dsg3-depleted desmosomes with decreased adhesion strength and blis-
tering in PV. Binding of anti-Dsg3 antibodies contained in PV-IgG to free Dsg3 proteins on the interdesmosomal cell surface leads to
their internalization into endosomes, and Dsg3 proteins integrated in the core domain of desmosomes are excluded from these sites
and possibly internalized into endosomes. Shortage of free Dsg3 on the cell membrane due to its endocytosis and exclusion of Dsg3
from desmosome core domains result in the formation of Dsg3-depleted desmosomes, the adhesion strength of which is decreased.
The processes are supposed to be controlled by a variety of signaling pathways. Dsg3 Z desmoglein 3; IgG Z immunoglobulin G;
PV Z pemphigus vulgaris.
Figure 10. Ultrastructural fate of desmoglein 3 after PV-IgG binding in cultured keratinocytes treated with PV-IgG. Keratinocytes
are treated with PV-IgG for 2 minutes, followed by washing and incubation with antihuman gold-particle IgG for another 2 minutes.
The aggregated PV-IgG formed on the cell membrane during the first 2 minutes of incubation are internalized within 15 minutes and
degraded within 60 minutes. IgG Z immunoglobulin G; PV Z pemphigus vulgaris.
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Figure 12. Two-step hypothesis of acantholysis mechanism in PV: Generation of dynamic (low-affinity) Ca2þ-sensitive desmo-
somes and Dsg3 depletion. In cultured keratinocytes, PV-IgG activates PKC and EGFR, which alter the Ca2þ-independent hyper-
adhesive desmosome to Ca2þ-sensitive dynamic desmosomes or even weaken the adhesive strength, leading keratinocytes to
become more sensitive to blistering processes, i.e., nonassembly and depletion of Dsg3 in desmosomes. Dsg3 Z desmoglein 3;
EGFR Z epidermal growth factor receptor; IgG Z immunoglobulin G; PKC Z protein kinase C; PV Z pemphigus vulgaris.
Desmosome regulation and pemphigus blistering 11association with Dsg3 depletion and acantholysis in AK23-
injected mice [50]. Since EGFR activation is associated
with keratinocytes wound healing, it suggests that Ca2þ-
dependent weak-adhesive (dynamic) desmosomes may be
involved in these processes in the experimental mice.
Ending thoughts
A huge variety of cell biologic processes are involved in PV-
IgG responses in the epidermis, including primary and
secondary modifying reactions, which lead to the patho-
genic outcome(s) in the epidermis, from the first step of PV-
IgG binding to the final step of acantholysis. All these PV-
IgG-induced reactions, some of which are essential and
specific, while some others only exaggerate blistering, are
involved in the generation of clinical characteristics of
blistering in pemphigus. Among these, Dsg3 depletion from
desmosomes is essential and specific to PV blistering,
allowing us to propose the concept of Dsg3 nonassembly
and depletion from desmosomes through PV-IgG-activated
intracellular signaling events as a mechanism for pemphigus
blistering, and defining PV as a desmosome-remodeling
impairment disease.
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